The effects of the dietary addition of orotic acid were studied on lipid levels in the rat liver and serum, 1,2-diacylglycerol levels in some organs, activities of antioxidant liver enzymes (superoxide dismutase, glutathione peroxidase, and catalase), and serum en zyme activities (ornithine carbamoyltransferase and alanine aminotransferase), after feed ing for 0, 7, 14, and 21d, respectively. Rats on the orotic acid diet accumulated more liver total lipids, triacylglycerol, and phospholipids than those on the basal diet. However, the lev els of serum triacylglycerol and phospholipids of those rats were markedly decreased after 7 , 14, and 21d on the diet. Dietary orotic acid increased the 1,2-diacylglycerol levels in the liver of rats fed for 14 or 21d, but not in the ileum of small intestine, vastus lateralis muscle , and heart. The addition of orotic acid lowered the activities of liver total and Cu,Zn-superox ide dismutase after feeding for 7, 14, and 21d. The serum ornithine carbamoyltransferase activity after 14, and 21d and that of serum alanine aminotransferase after 7, 14, and 21d were increased. These data suggested that the increase in the activities of serum enzymes tested may result from liver damage induced by the marked accumulation of liver lipids and possibly from the increased superoxide anion because of the decreased activities of hepatic superoxide dismutase by orotic acid feeding.
Dietary orotic acid produces severe fatty liver (1) (2) (3) . The activities of both ornithine carbamoyltransferase (EC 2.1.3.3) and alanine aminotransferase (EC 2.6.1.2) in serum significantly increased when rats were fed the orotic acid diet, as previously reported (4, 5) .
In the formation of fatty liver induced by dietary orotic acid, casein has generally been used as a sole di etary protein source (1) (2) (3) (4) (5) . Therefore the effects of an orotic acid supplement to a diet containing casein were compared with other diets containing egg protein, soy protein, or wheat gluten, indicating that the content of liver triacylglycerol in rats fed the casein diet supple mented with orotic acid was significantly higher than those of rats fed the egg protein, soy protein, or wheat gluten diet supplemented with orotic acid (6, 7) . These results show that dietary casein may induce liver dam age.
The induction of liver damage because of the casein diet with orotic acid might be due to the production of active oxygen species. Therefore the assessment of the activities of superoxide dismutase (EC 1.15.1.1), glu tathione peroxidase (EC 1.11.1.9), and catalase (EC 1.11.1.6) is of interest because these enzymes are con sidered to be especially involved in the defense of the cell against active oxygen species such as superoxide anion, hydrogen peroxide, and OH radical (8) (9) (10) . These species may produce tissue injuries in several pathologi cal processes.
1,2-Diacylglycerol, a second messenger in the cell, is an activator of protein kinase C (11, 12) . It seems very likely that the activation of protein kinase C disturbs the metabolic homeostasis and may subsequently give rise to many metabolic lesions. Indeed, choline deficiency in rats induces fatty liver, liver damage, and increased lev els of 1,2-diacylglycerol (13, 14) . Analyses. Liver lipids extracted and purified by the method using a mixture of chloroform and methanol (15) were gravimetrically estimated after removing the solvent. Triacylglycerol (16) and cholesterol (17) in the liver were estimated by the appropriate enzymatic methods. The content of phospholipids in the liver was calculated by substracting triacylglycerol and choles terol from total lipids. Serum triacylglycerol (16) , cho lesterol (17) , and phospholipids (18) were measured by the appropriate enzymatic methods. We used aliquots of liver to estimate the activities of superoxide dismutase, glutathione peroxidase, and catalase by the following methods. The activity of su peroxide dismutase was measured by the inhibition of nitroblue tetrazolium reduction mediated via the xan thine/xanthine oxidase-generated superoxide anions and monitored spectrophotometrically at 560nm (20 The serum activities of ornithine carbamoyltrans ferase (24) and alanine aminotransferase (25) were also measured.
Statistics. Data were subjected to a Student's t-test (26) and a Duncan's multiple range test (27) . The dif ferences between groups were considered to be statisti cally significant at p<0.05.
RESULTS
Food intake, body weight gain, and liver weight
The amount of food consumed between rats fed ei ther the basal or orotic acid diet was almost similar for 7 or 14d. However, the amount of food consumed by rats on the orotic acid diet was decreased as compared with those on the basal diet for 21d ( Table 2 ). The sup plementation of orotic acid to the diet lowered body weight gain for 7, 14, and 21d (Table 2 ). In rats on the orotic acid diet, liver weight increased with the length of the feeding period. Although feeding for 7d had no effect on liver weight between the two groups, dietary orotic acid enlarged liver size in rats on the orotic acid diet for 14 or 21d (Table 2) .
Liver lipids
The contents of triacylglycerol, cholesterol, and phos pholipids in the liver of rats fed the basal diet were simi lar throughout the experimental periods. For rats on the orotic acid diet, however, the content of triacylglyc erol increased after feeding for 7 or 14d and thereafter decreased. The content of cholesterol increased after 21d of the orotic acid diet. The content of phospholipids increased after 7d on the orotic acid diet, and the val ues after 14 or 21d were higher than for 7d. The con tents of triacylglycerol and phospholipids were signifi cantly higher in rats on the orotic acid diet than on the basal diet for 7, 14, and 21d. The supplementation with orotic acid did not alter the liver cholesterol con tent for 7 or 14d and increased its content after 21d (Table 3) . 
Serum lipids
The serum levels of each lipid increased or showed a tendency to increase on the basal diet, whereas the serum levels of triacylglycerol, cholesterol, and phos pholipids markedly decreased on the orotic acid diet. The serum levels of cholesterol and phospholipids after 21d were higher than for 7 or 14d. The serum levels of triacylglycerol, cholesterol, and phospholipids on the orotic acid diet were depressed in comparison with those of the basal diet after 7, 14, and 21d (Table 4) .
1,2-Diacylglycerol
The levels of 1,2-diacylglycerol in the liver, vastus lat eralis muscle, and heart were unchanged after 7, 14, or 21d on the basal diet. The level in the small intestine after 14d on the basal diet was increased compared with that before beginning the basal diet. However, these values in the liver (but not in small intestine, vas tus lateralis muscle, and heart) increased when fed the orotic acid. Its level in the small intestine increased or tended to rise on the diet. When fed for 7d, the hepatic level of 1,2-diacylglycerol in the orotic acid group tended to be higher than in the basal group. The sup plementation of orotic acid significantly increased the 1,2-diacylglycerol levels in the liver after 14 or 21d on the diet, whereas the levels in the small intestine, vastus lateralis muscle, and heart were similar in the two groups ( Table 5) . Activities of antioxidant enzymes dase, and catalase were similar on either diet through out the experimental period. The five enzyme activities in the liver of rats on the orotic acid diet for 7, 14, or 21d were similar to what they were before the diet (Table 6 ).
The orotic acid supplement significantly decreased the activities of both total superoxide dismutase and Cu,Zn-superoxide dismutase in the liver. The Mn-super oxide dismutase activities in the liver were significantly decreased or showed a tendency to diminish in the orotic acid group in comparison with those in the basal group. The orotic acid supplement had no effect on the activities of either glutathione peroxidase or catalase in the liver (Table 6) . Activities of serum enzymes The activities of ornithine carbamoyltransferase and alanine aminotransferase in serum showed a significant increase after 21d on the basal diet. The ornithine car bamoyltransferase values increased after 21d on the orotic acid diet, and those of alanine aminotransferase also rose after 14 or 21d. The serum ornithine car bamoyltransferase activities were similar in rats fed ei ther the basal or the orotic acid diet for 7d; further feed ing of the orotic acid diet (for 14 or 21d) caused a marked increase in the serum activity. Serum alanine aminotransferase was higher in rats on the orotic acid diet than on the basal diet throughout the experimental period (Table 7) .
DISCUSSION
As reported previously (1) (2) (3) (4) (5) (6) , lipids accumulated in the liver of rats administered orotic acid (Table 3) , a common component in milk (28, 29) . One reason for the accumulation is the decreased transport of triacyl glycerol by very low density lipoproteins from liver to serum (30, 31) . In fact, an orotic acid-supplemented diet decreased serum triacylglycerol and phospholipids by 78-85% and 67-77%, respectively (Table 4) .
The contents of triacylglycerol and phospholipids in the liver of rats fed the casein diet supplemented with orotic acid were significantly higher compared with those values in the liver of rats fed the egg protein, soy protein, or wheat gluten diets supplemented with orotic acid (6) . Furthermore, the casein diet was the most ef fective in decreasing serum triacylglycerol level among four groups. Thus lipid accumulation in the liver by orotic acid depends on the type of dietary protein used, indicating that such different responses to the liver lipid content might be due to the difference in the amino acid composition of each protein. Therefore to determine the relationship between the content of liver lipids and sev eral parameters, casein was used as the dietary protein source in the present experiment.
Ornithine carbamoyltransferase is distributed in the liver (32) . Alanine aminotransferase is widely distrib uted not only in the liver, but also in the extrahepatic organs (25) . Thus the estimation of alanine amino transferase activity in serum is not an adequuuuate marker to determine whether a liver lesion has occurred al though an increase in the activity of alanine amino transferase in serum is one of the signs of liver damage (25) . The estimation of this ornithine carbamoyltrans ferase in serum is considered more reliable than that of alanine aminotransferase in assessing whether the liver is damaged or not. Orotic acid added to the basal diet in creased activities of both serum ornithine carbamoyl transferase and alanine aminotransferase (Table 7) ; the activities of ornithine carbamoyltransferase increased linearly with the duration of the orotic acid diet. Thus it is concluded that the orotic acid supplement led to liver damage.
It is thought that peroxide, either directly or indi rectly, is responsible for much of the oxidative stress that occurs in living cells (7) . The orotic acid supplement significantly decreased the activities of total superoxide dismutase and Cu,Zn-superoxide dismutase in the liver (Table 6 ). It is possible that the orotic acid supplement caused the increased level of superoxide anion in the liver, followed by liver damage. Thus the increased ac tivities of serum ornithine carbamoyltransferase and alanine aminotransferase (Table 7 ) might be due to such oxidative stress in the liver.
The level of 1,2-diacylglycerol in the liver increased linearly with the feeding duration (Table 5 ). Therefore it is surmised that protein kinase C is activated by an in creased level of 1,2-diacylglycerol in the liver. Sub sequently, the induction of metabolic disorders in the liver might occur (11, 13) . However, a significant in crease in the 1,2-diacylglycerol level in the liver was found after feeding for 14d, whereas the serum alanine aminotransferase level increased after 7d. The liver damage resulting from orotic acid might therefore not be related with changes in 1,2-diacylglycerol level in the liver.
The overall results of the present study indicate that the ingestion of orotic acid as a dietary supplement in duced not only the accumulation of triacylglycerol in the liver, but also the decreased activity of liver superox ide dismutase, possibly causing an increase in superox ide anion followed by liver damage. Thus the activities of serum enzymes derived from liver might increase.
